This work provides new experimental data to characterise entrainment of air into adhered thermal spill plumes using physical scale modelling. For the two-dimensional plume, the rate of entrainment with respect to height of rise is approximately half that of an equivalent twodimensional balcony spill plume. For the three-dimensional plume, the rate of entrainment appears to be linked to the plume behaviour, which has been characterised in terms of the width and depth of the layer flow below the spill edge. In general, a layer flow below the spill edge that is shallow compared to its width will tend to adhere to the wall above the opening compared to flows whose depth approaches its width. This work proposes new empirical entrainment design formulae that have been developed on a more general basis compared to existing methods.
INTRODUCTION
In the design of smoke management systems, consideration is often given to entrainment of air into a smoke flow from a compartment opening that subsequently spills and then rises into an adjacent atrium void. When there is a vertical wall projecting above the compartment opening (without a balcony or horizontal projection) the resulting plume will typically adhere to the wall above the opening as it rises. This type of plume is commonly known as an adhered spill plume (see Figure 1 ). Plumes that do not include entrainment into its ends are known as twodimensional (2-D) plumes and those that include end entrainment are known as threedimensional (3-D) plumes. There is limited data on entrainment into adhered plumes with a simplified design formula developed by Poreh et al. [1] for the 2-D plume from 1/10 th physical scale model experiments. There are no robust simplified formulae to predict entrainment for the 3-D adhered plume, however, CIBSE [2] provide an approximate solution for this scenario using reduced scale experimental data obtained by Hansell et al. [3] . A review of existing simple calculation methods for the adhered plume is given by Harrison and Spearpoint [4] . The more complicated BRE spill plume method [5] provides a prediction of both 2-D and 3-D adhered plume entrainment.
This paper provides new experimental data to characterise entrainment by varying the type of plume, the width of the fire compartment opening, fire size and height of rise. New empirical design formulae are proposed from the analysis.
PHYSICAL SCALE MODELLING
The approach of physical scale modelling is well established and has been used in many studies of smoke movement in buildings. The approach described in this article was primarily developed at the Fire Research Station in the UK [6, 7] and typically takes the form of reduced scale fires within a physical model. The approach is also described by Klote and Milke [8] and is included in NFPA 92B [9] . Measurements can be extrapolated to full scale using the appropriate scaling laws. To ensure that the results can be extrapolated to full scale, the physical scale model used in this study was designed to meet the scaling principles set out by Thomas et al. [6] . This is effectively a modified Froude number scaling and requires that the equivalent flows are fully turbulent on both full and model scale. Turbulent flow is typically achieved for flows with Reynolds numbers ≥ 4000 [10] . In this series of experiments the Reynolds number of the horizontally flowing layer flows below the spill edge were determined, with values to ranging between approximately 7000 and 12500. This demonstrated that the significant flows were fully turbulent and that scaling laws could be applied with confidence for the range of flows generated in the physical scale model.
THE EXPERIMENT
The physical scale model Figure 2 shows the 1/10 th physical scale model used. The model simulated a fire within a room adjacent to an atrium void and consisted of two main units, the fire compartment and a smoke collecting hood. A detailed specification of the model is given by Harrison [11] . The width of the fire compartment opening was varied by inserting walls of 25 mm thick Ceramic Fibre Insulation (CFI) board of equal width at either end. The walls had widths of 0.1, 0.2, 0.3 and 0.4 m. A steady state fire source was generated by supplying Industrial Methylated Spirits (IMS) into a metal tray within the fire compartment at a controlled and measured rate. The tray was located at the rear of the fire compartment and had dimensions of 0.25 by 0.25 by 0.015 m high. The fuel was supplied to the tray continuously via a fuel reservoir, flowmeter and copper tubing. The hot gases from the fire and the subsequent spill plume were visualised by injecting smoke from a commercial smoke generator into the fire compartment. The model was designed such that the walls of the smoke collecting hood could freely move in a vertical direction within a supporting steel frame. This enabled the base of each wall to be moved independently to just below the base of the smoke layer in the hood allowing unrestricted fresh air to be entrained into the rising plume. However, the wall of the collecting hood directly above the fire compartment opening was lowered so that it extended from the top of the compartment and beyond the ceiling of the hood. This simulated a vertically projecting wall above the spill edge as required for the adhered plume scenario. A section of steel reinforcing mesh (75 mm by 75 mm grid size) was hung next to one wall of the collecting hood to provide a point of reference for visual observations for the plume behaviour.
For those experiments which examined 2-D plumes, screens were suspended from the ceiling of the hood, in line with each side of the fire compartment opening to prevent air entering the ends of the plume over its full height of rise. The screens were moveable and vertically projected 0.3 m below and 1.1 m above the spill edge.
One of the key parameters in this study was the height of rise of the plume. A mechanical smoke exhaust system from the hood consisted of a 0.44 m diameter bifurcated fan attached to the hood exhaust vent using temperature resistant flexible ducting. The fan speed was controllable allowing a fixed exhaust rate to be specified to vary the height of rise of the plume to be examined.
Instrumentation and measurements
Gas temperatures were measured using 0. A perforated gas sampling tube was located across the horizontal diameter of the exhaust duct approximately 5.0 m downstream of the vent in the smoke collecting hood. This enabled measurement of the CO 2 gas concentration of the flow in the duct to be made using an infra red gas analyser (Siemens, Ultramat 6, accuracy ± < 1 %). The mass flow rate of gases entering the gas layer in the smoke collecting hood and therefore leaving the hood, was found by using a CO 2 tracer gas technique and calculation method described by Marshall [7] . Vertical velocity profiles of the gas layer flow below the spill edge were made using two pitot-static tubes. The total heat output of the fire remained fixed at 10 kW for the experiments without end entrainment.
RESULTS AND DISCUSSION

Analysis
The analysis of the experimental results utilises the same entrainment models that have been developed for the analysis of 2-D balcony spill plumes, with the difference in entrainment accounted for in the empirical entrainment coefficient(s). Thomas et al. [13] used a rigorous dimensional analysis to develop a simplified spill plume formula in the form given by,
Poreh et al. [14] deduced the following simplified formula by assuming a virtual line source below the spill edge, given by,
These methods will be used to analyse the experimental data from this study for both the 2-D and 3-D adhered plume.
The 2-D adhered spill plume
For all of the 2-D plume experiments the plume behaviour was observed to be similar to that shown in Figure 1 , where the horizontal flow of gases within the fire compartment flow from the opening, rotate at the spill edge (i.e. the top of the compartment opening) and rise as a 2-D plume between the screens used to prevent entrainment into its ends. Previous work by Poreh et al. [1] provide limited experimental data for 2-D adhered spill plumes, they correlated the data according The standard error of γ is 0.002. Therefore, the regression coefficient γ which represents the rate of entrainment above the spill edge can be considered to be the same (to within one standard error) with a value of 0.08, which is identical to the equivalent regression coefficient (i.e. C) 
The 3-D adhered spill plume
Plume behaviour
The following description of plume behaviour is for 3-D plumes generated from a spill edge with a flat ceiling and does not apply when there is a downstand fascia at the edge. Contrary to the 2-D adhered plume, the behaviour of the 3-D adhered plume was highly dependent on the width of the fire compartment opening. Plumes generated from a wide opening (e.g. W s = 1.0 m) were observed to adhere to the wall above almost immediately (see Figure 5a) . Entrainment of air occurred into the front side of the plume exposed to ambient air and also into the free ends of the plume. Figure 5b shows that the lateral extent of the plume tended to narrow slightly, before broadening above as end entrainment became more significant (the edge of the plume is marked with a dashed line).
Plumes generated from intermediate width openings (e.g. W s = 0.6 to 0.8 m) were initially observed to horizontally project beyond the opening, before curling back and reattaching to the wall above, after which the plume adhered to the wall (see Figure 6a) . The height of reattachment above the spill edge tended to increase as W s decreased and when the fire size and depth of the layer below the spill edge increased. Entrainment of air was observed into the front and rear side of the plume (via the ends) in the region where it was detached and also into the free ends. After the plume had reattached to the wall above, entrainment only occurred into the front side of the plume and the free ends. The mechanism causing reattachment of the plume to the wall above the opening is described by Zukoski [16] and is due to the decrease in static pressure between the wall and the plume (in the region where the plume is detached). This reduction in pressure occurs when the supply of ambient air cannot be easily supplied to the rear of the plume in this region and the entrainment process causes the static pressure to fall close to the wall. This low pressure region causes the plume to be pulled back toward the wall and reattachment occurs. This behaviour is more commonly known as the Coanda effect. Figure 6b shows that the lateral extent of the plume narrowed in the region where the plume was detached from the wall due to entrainment into the rear of the plume via the ends (the edge of the plume is marked with a dashed line). The plume was observed to broaden above the point of reattachment, most likely due to end entrainment becoming more significant, analogous to recent findings by Harrison and Spearpoint [15] on the broadening of balcony spill plumes.
Plumes generated from narrow width openings (see Figure 7a ) were observed to project beyond the opening and not reattach to the wall above, with entrainment occurring on both sides of the plume and the free ends over the full height of rise. This is most likely due to the combined effect of the increased momentum of the flow from the opening and the relative narrow width of the plume are not enough to create a small enough pressure drop at the rear of the plume and the Coanda effect does not occur. Figure 7b shows that from a front view the lateral extent of the plume tended to broaden above the spill edge (the edge of the plume is marked with a dashed line), again likely to be due to the contribution of end entrainment.
The general behaviour described above is similar to that observed in previous work which examined the trajectory of flames from windows from post-flashover fires. This was first studied experimentally by Yokoi [17] and later studied numerically by Galea et al. [18] . These studies highlighted that the behaviour of the flame plumes from windows were dependent upon the geometry of the window. When the window was narrow compared to its height, the flame plumes tended to project beyond the opening and sometimes reattach to a wall above. However, for windows that were wide compared to their height, the flames adhered immediately to the wall above the window. Yokoi characterised the behaviour of window flame plumes by considering the characteristics of the flow at the window opening. A geometric parameter was defined to describe the plume behaviour from the window, which was the ratio of twice the width of the opening to the height of the opening. Zukoski [16] suggests that as the Yokoi experiments were for post flashover fires, the depth of the outflow from the window was approximately half the window height. Hence, this geometric parameter can be considered to be the ratio of the width over the depth of the out flow (i.e. width of the window over half the window height). The behaviour of the 3-D adhered plumes observed in this work can be characterised by following a similar analysis to that of Yokoi, by considering the out flowing layer in terms of the width and depth of the layer flow below the spill edge (i.e. W s and d s ). The height at which the plume first reattaches to the wall above the spill edge (i.e. z attach ) was determined from visual observations. In an attempt to describe the plume behaviour beyond the spill edge, Figure 8 Thomas et al. [13] is used in the analysis to be consistent with approach used by Harrison and Spearpoint [15] for the analysis of 3-D balcony spill plumes.
To decouple the entrainment above the spill edge, the measured mass flow rates were modified by subtracting p m at z s = 0 for each W s and t Q examined. Thus, for each W s , the data set passes through the origin. Figure 9 shows a plot of all the data in a form consistent with the dimensional analysis by Thomas et al. describing the decoupled entrainment above the spill edge. Figure 9 shows some scatter of the data which appears to be dependent on W s . The slope of the line through each data set (i.e. γ) represents the rate of entrainment above the spill edge. For each value of W s examined γ appears to increase as W s decreases. The data generally exhibits linearity, although there is some scatter in the data in some cases due to the entrainment behaviour of the plume varying with respect to height of rise (e.g. when the plume detaches and then reattaches to the wall above, and due to narrowing of the plume). Figure 9 indicates that plumes generated from narrower openings (that tend to detach from the wall) entrain air at a greater rate with respect to height compared to plumes generated from wider openings (that tend to adhere to the wall). This is unsurprising when considering the plume behaviour described above and it appears that the amount of entrainment into the plume is specifically linked to the plume behaviour. The results were therefore correlated with respect to W s /d s as the above analysis demonstrates that this non-dimensional parameter can be successfully used to describe the plume behaviour. Therefore, linear regression was performed to determine the value of γ for each W s /d s examined (see Figure 10 ). Since γ represents the total rate of entrainment above the spill edge (including end entrainment), the mass flow rate of gases in the plume above the spill edge can by described by At high heights of rise of plume, the effect of end entrainment will cause the plume to be more axisymmetric in nature and Equation 15 will no longer apply. Therefore, as a conservative estimate, the following upper height limit developed by Harrison [11] for the 3-D balcony spill plume is proposed until further work is carried out to determine a suitable limit for the 3 [5] , CIBSE [2] or from any other suitable methods. More detailed guidance on suitable input parameters for these formulae is given by Harrison [11] .
CONCLUSIONS
This work has demonstrated that the existing simplified design formula for the 2-D adhered spill 
